Detection of neutrons, at high total efficiency, with greater resolution in kinetic energy, time and/or real-space position, is fundamental to the advance of subfields within nuclear medicine, high-energy physics, non-proliferation of special nuclear materials, astrophysics, structural biology and chemistry, magnetism and nuclear energy. Clever indirect-conversion geometries, interaction/transport calculations and modern processing methods for silicon and gallium arsenide allow for the realization of moderate-to high-efficiency neutron detectors as a result of low defect concentrations, tuned reaction product ranges, enhanced effective omnidirectional cross sections and reduced electron-hole pair recombination from more physically abrupt and electronically engineered interfaces. Conversely, semiconductors with high neutron cross sections and unique transduction mechanisms capable of achieving very high total efficiency are gaining greater recognition despite the relative immaturity of their growth, lithographic processing and electronic structure understanding. This review focuses on advances and challenges in charged-particle-based device geometries, materials and associated mechanisms for direct and indirect transduction of thermal to fast neutrons within the context of application. Calorimetry-and radioluminescence-based intermediate processes in the solid state are not included.
Introduction

Scope, limitations and goals
Advances in materials and device architectures toward passive or active high-efficiency charged-particle-based solid-state neutron detection, building from the foundation provided by Bell [1] , Knoll [2] , Leroy [3] , Lutz [4] , McGregor [5, 6] , Petrillo [7] , Peurrung [8, 9] , Spieler [10] and references therein are reviewed. Processes or mechanisms that utilize phonon [11, 12] or photon transduction [1, [13] [14] [15] [16] [17] [18] [19] [20] [21] are not reviewed. The following assumes that the reader has a working knowledge of the electronic structure of solids in the bulk and at heterostructure interfaces including the description of electronic band structure [22] , space charge formation and electrical carrier transport [23, 24] , as well as moderateenergy ion loss processes in the solid state [25, 26] . The detectors reviewed here are for neutron kinetic energies related to terrestrial production or applications from 1 meV to 20 MeV; the mechanisms responsible for interaction at or above 100 MeV are outside the scope of this review. As regards temporal resolution, the focus here is toward realtime versus time-integrated detectors (e.g. track detectors, whose event information is determined sometime much later and typically outside of a neutron field) [27] . Of the real-time detection methods, passive detection is primarily reviewed, although detection of reflected or prompt neutrons from active interrogation [28, 29] equally applies [30] . Basic knowledge of neutron interactions and reactions relevant to their detection is not assumed of the reader. The goal of this work is to provide a comprehensive summary of advances and challenges in charged-particle-based solid-state neutron detection such that the knowledge base from experimental, computational, theoretical and phenomenological condensed-matter physics, materials science and nuclear physics communities may gain greater overlap so as to stimulate and encourage nextgeneration ideas in this emerging interdisciplinary field.
Applied motivation
Neutron detection with x y (i.e. spatial position) resolution on the order of one to hundreds of microns is important to the advance of neutron-based nuclear medicine and diffraction techniques. Specifically, in neutron capture therapy [31] , more accurate spatial neutron dosimetry allows for greater control over the irradiation of healthy/unhealthy tissues [32] [33] [34] . In elastic neutron diffraction [35] , where the physical and/or magnetic structure of a solid may be determined, tremendous gains [36] in structural refinement and reduced collection times (with usually less sample damage) can be made with a twodimensional channel plate detector [37] , analogous to the advances in x-ray diffraction and photoemission techniques with the discovery and use of the two-dimensional channel plate with delay-line detectors [38] [39] [40] . High-efficiency neutron detection with spatial, temporal and/or energy resolution is important to the amelioration of high-energy physics [41, 42] , neutron forensics [43] , non-proliferation of special nuclear materials [44] , nuclear energy [45, 46] , oil-well logging [47] , H 2 O/CO 2 exploration [48] , the search for dark matter [49] and inelastic neutron scattering [50] . In these applications, cumbersome and costly post-scattering monochromators, time-of-flight or low-resolution traditional Bonner spectrometer methods could be replaced by compact, portable and low-voltage solidstate detectors that operate at room temperature. While the challenges to realizing detectors with the above capabilities are daunting [8] , success is absolutely physically possible in the next 20 years with the proper materials, heterostructure geometries and unfolding procedures.
Neutron transduction in the solid state
In any detection scheme, a transduction of energy must occur. The general problem is to determine, in real time, the presence of a (net) neutral fermion at some volume in space, defined by the physical detector element, whose incident energy and direction may not be known. Direct detection of the neutron from its properties alone would require utilizing an interaction based on its classical translational momentum, proposed electric dipole or quantum mechanical spin. For a single neutron, the direct detection of a change in translational momentum from a scattering event may be possible [51] , but is impractical; for example, the force would be of the order of tens of piconewtons for full energy and momentum transfer from a 1 MeV neutron collision. The detection of a neutron from its predicted electric dipole [52] , or possibly through a weak interaction [53] , is at the threshold of contemporary measurement capabilities [54, 55] , where decades may be required before useful transduction information becomes available from these interactions; the fervent search for dark matter will most likely dominate improvements in the understanding and use of the weak interaction mechanism in the near term. Determining the presence of a neutron through a spin-orbit or magneticexchange interaction [56, 57] , utilizing a coupling interaction to the neutron's spin angular momentum, may be possible through the Mott [58] , Rashba [59] , Dresselhaus [60] , Schwinger [61, 62] or spin-echo [63] mechanisms, but information derived through such interactions is presently too subtle or too ambiguous to be pragmatic for neutron detection. However, utilization of the above mechanisms as alternatives to 3 He-and crystal-based spin-polarized neutron scattering [64, 65] , in rough analogy with spin-polarized electron scattering [66] with a separate neutron detector, for low total efficiency spin-resolved neutron detection may still be possible. Ultimately, because the detection of neutrons through direct neutron interaction is not pragmatic, we look to primary or higher-order neutron strong interaction products that can provide a more sensible form of energy conversion. The downside to this approach is that the incident kinetic energy and spatial position of the neutron in question must be inferred, as the detection mechanism is indirectly representative of the original neutron four-vector: (1), include gamma-rays, neutrinos, more neutrons, fast electrons, moderate-energy heavy and light ions, and neutral atoms. Thus, how is one to use such products to determine that a neutron has been captured?
Gamma-rays produced from neutron capture are not directly detectable, but can be utilized efficiently in higherorder reactions, while neutrinos are even more difficult to detect than neutrons [67] . The production of more neutrons through their multiplication [68] and/or average kinetic energy reduction (i.e. effective moderation) could potentially lead to a larger effective cross section for capture or scattering, but those considering the use of such multiplication (n, xn) reactions should carefully consider the isotope and neutron kinetic energy-specific microscopic cross sections (vide infra). Direct detection of the charge carriers (i.e. fast electrons or moderateenergy ions), even at atto- [69] and sub-atto-ampere [70] thresholds, is possible under strict laboratory conditions with proper noise rejection, but is generally unrealistic, especially in the limit of single-neutron detection from a low incident neutron flux. However, accumulation of the primary reaction product charge in a capacitive heterostructure, similar to that used in transfer neutron radiography [71] , is one reasonably practical means of detecting neutrons with a solid-state device, despite the loss of time resolution. The neutralatom product, generated by the Wigner effect [72] , is not particularly useful, but the defect or vacancy left behind is; this momentum-conserving defect mechanism is expanded upon in the nonionizing energy loss description of moderateenergy ion loss discussed below. Because transduction of the primary reaction products is only sometimes possible, and in such cases impractical for the applications under consideration, we turn to the secondary reaction products available from interactions of gamma-rays, fast electrons and moderate-energy ions (i.e. the primary reaction products) with a solid to provide a more comprehensible means of energy transduction. This consequently causes information concerning the original incident neutron to be further diluted, convoluted and folded [2, 73] .
Gamma-ray interaction with matter can also result in the emission of moderate-energy electron(s) [74] by either the Compton [75] , photoelectric [76] or electronpositron pair production [77] processes. The cross section for electron production from photoelectric and Compton interactions are compared for common solid-state neutron detector materials, GaAs, Si and B 5 C, in figure 1 ; the relative cross section for electron-positron pair production at low gamma energy (<2 MeV) is so small that it is not included for comparison. Gamma-rays, or more probably xrays, may also cause interband (i.e. core-to-bound) electron transitions via absorption [78] , wherein a next-order process can result in the emission of a photon [79] or low-energy Auger electron [80] . Here, only moderate-energy electrons converted from the gamma-ray primary reaction products of neutron capture by isotopes such as 72 Ge, 113 Cd, 155 Gd, 157 Gd or 199 Hg are considered a significant means through which to cause a sufficient energy transfer (enough generation of charge) for detection [13] [14] [15] [16] [17] [18] [19] [20] [21] [81] [82] [83] . However, discussion of this gamma-ray transduction mechanism is outside the scope of this review. In general, understanding gammaray energy conversion, especially the time over which the linear energy transfer occurs in the material of interest, is extremely important for applications which require rejection or differentiation of gamma-ray-induced signals from those produced by moderate-energy charged particles.
The interaction of moderate-energy charged particles (i.e. electrons and fully or partially ionized atoms with kinetic energies of the order of 1 keV to 1 MeV) with a solid can result in ionizing or nonionizing energy loss [84] . The energy loss profile for four different charged particle types (N + , α, p, β) as a function of their kinetic energy in silicon is shown in figure 2 , where ionizing energy loss (IEL) is usually much greater than nonionizing energy loss (NIEL), and increases with increasing particle mass. To help illustrate the IEL and NIEL mechanisms, figure 3 schematically represents a simplified version of both ionizing and nonionizing energy loss following neutron capture or scattering from 10 B and 1 H. Table 1 lists the neutron scattering, capture or fissionbased reactions for the isotopes that produce moderate-energy charged particles that are discussed throughout this review.
NIEL from moderate-energy charged particles can include atomic displacement through momentum conservation [85] [86] [87] [88] [89] [90] [91] , promotion of a core-level electron to the conduction band [92] , a capture reaction process [93] or a radiative loss process. The capture reaction of a moderateenergy charged particle can lead to the generation of other moderate-energy charged particles [94] [95] [96] or even neutron multiplication [97, 98] ; both of these mechanisms have rarely . All dashed lines produce electron-hole pairs through ionizing energy loss, while the blue squiggles represent energy given up to phonons during the e-h pair creation. With an energy cost of ∼3.5 eV per e-h pair created, the moderate-energy particles 1 H, 7 Li, 4 He or β (electrons) can produce from 10 3 to 10 5 e-h pairs as they inelastically transfer kinetic energy. Note that the dual 7 Li and 4 He reaction products depart from the reaction center antiparallel to each other.
been reported in the design of modern detectors [99] but may be important in the design of future detector materials and geometries in the context of effective cross-section enhancement through flux increase and kinetic energy reduction. The coreto-bound electron transition process initiated by a moderateenergy electron [100], as occurs in electron-energy-loss nearedge-structure (ELNES) spectroscopy, is as ill-pragmatic for primary reaction product transduction as utilizing relatively low-energy (<10 keV) Auger electrons (vide supra)-although one recent and unique example of the K-shell Auger electron resonance for gadolinium (>10 keV) from neutron capture has been reported [101] . However, the momentum-conserving or recoil mechanism of a moderate-energy charged particle that transfers kinetic energy in the form of atomic displacement or primary knock-on, where a Frenkel defect [102] (as may also be generated by the Wigner effect) may be formed, is useful. These defects-or even transient formation of new interface states-when created in heterostructures which are very sensitive to voltage, resistivity, carrier lifetime or leakage current change [103] [104] [105] [106] , may be used as a poorly efficient but reasonable means of indicating neutron interaction [107-121], especially in applications that allow for long integration time. As the monetary cost of random-access memory is reduced, use of the memory upset mechanism for passive time-integrated detection of fast and slow neutrons for area monitoring may become ubiquitous. Finally, the products (mostly photons) of bremsstrahlüng [122] [126, 127] from these NIEL pathways are not considered by the author to be significantly useful towards detection, although reverseČerenkov [128, 129] energy loss in novel metamaterial geometries may be an untapped mechanism worth investigating. Therefore, by elimination, we are led to determine whether the energy conversion of moderate-energy ions through ionizing energy loss provides a more reasonable means by which to use a charged particle reaction product from neutron capture to form the basis for a solid-state detector. Three heterostructure electric field configurations through which e-h hole pairs may be separated: (a) resistive junction; (b) p-n junction and (c) Schottky junction. E F is the Fermi level, and E C and E V are the conduction and valence band edges, respectively. The resistive junction requires an external voltage to establish an internal electric field within the semi-insulating material, while the p-n and Schottky junctions have a built-in scalar potential capable of separating e-h pairs without external voltage. The graded area in (b) and (c) represents a space charge region created at the p-n and metal-semiconductor interface.
During ionizing energy loss, the Coulombic interaction of a moderate-energy charged particle with a solid results in the generation of free electrons and bound electron-hole (e-h) pairs [130] . At a cost of tens to thousands of electron volts per electron, electrons are liberated past the vacuum level, where they can provide a detectable signal as a current through their replacement from ground or through electron multiplication. Although straightforward, detection of such low current levels from electron emission may only be possible under very high flux (as in total yield x-ray absorption spectroscopy) and, as such, this mechanism is discounted by the author for its very low sensitivity. The generation, separation and collection of e-h pairs from IEL of moderate-energy charged particles, however, has been and may continue to be the most efficient means of transducing incident neutrons and is a main focus of this review. Near-term advances in real-time passive or active solid-state neutron detection are discussed in section 2; in analogy with the photovoltaic community, such advances will depend on improvements to neutron-sensitive materials and their heterostructure geometries that will lead to more effective and efficient electron-hole pair creation and separation with reduced recombination and leakage. Some farterm capabilities are discussed in section 3.
General considerations for electron-hole pair generation and separation
Detector geometry and electric field
All solid-state devices that generate and separate e-h pairs do so through a heterostructure geometry [131] . In the context of a solid-state neutron detector, a heterostructure device may be as simple as a single neutron-sensitive dielectric sandwiched between two metallic contacts [46, or as complicated as a stack of gadolinium-coated p-n junctions with back surface field space charge regions. Figure 4 illustrates three heterostructure classes commonly used in solid-state neutron Table 1 . Examples of isotope-specific neutron capture or fission reactions that generate moderate-energy charged particles. Norm. (%) is the normalized probability that a moderate-energy ion reaction product will be produced relative to the probability for all other moderate-energy ion products for that isotope at an incident neutron kinetic energy of 1 eV or 1 MeV. Abs. (%) is the absolute probability that a moderate-energy ion reaction product will be produced relative to the probability for all possible neutron-induced products for that isotope at an incident neutron kinetic energy of 1 eV or 1 MeV. The normalized and absolute probabilities were determined from the reaction-specific cross-section information available from Chadwick et al [568] . figure 4(a) ) the dielectric is a direct-conversion material that acts to both capture neutrons as well as transduce the primary capture reaction products. These direct-conversion resistive or dielectric devices ( figure 4(a) ) are limited in their ability to suppress leakage current and separate charge generated by primary reaction products [142] , such that the remaining focus here will be on the p-n junction and Schottky-based heterostructures (figures 4(b) and (c), respectively), which self-establish their internal electric field and can benefit over the dielectric devices (e.g. reduced capacitance, increased depletion width) by the application of external bias as well.
Within the p-n junction and Schottky-based classes of solid-state neutron detector heterostructures, two subclasses are delineated: (1) indirect-conversion (a.k.a. thin-filmcoated or conversion layer) and (2) direct conversion (a.k.a. solid form). Although both subclasses were first reported over 50 years ago, the terms 'thin-film-coated' and 'solid form' were not coined until recently [165] . Neutron and primary reaction product transduction for indirect-and directconversion heterostructures are compared in figure 5 . For indirect-conversion heterostructure geometries ( figure 5(a) ), a thin film of a neutron-sensitive material is placed within range so that the scattering or reaction capture product(s) (i.e. moderate-energy ions) may create e-h pairs in an adjacent space charge device, where some of the ion energy is inevitably absorbed or transferred to the conversion material without creating electronically motive e-h pairs. In contrast, for directconversion heterostructures ( figure 5(b) ), the neutron-sensitive material and space charge layer are the same, so that nearly all of the energy of the charged particle reaction products may be or is available for transduction. The direct-conversion heterostructures are consequently the most straightforward to construct and are capable of the highest total efficiencies. However, materials in which the majority constituent is a high-neutron-capture-cross-section isotope that also yields moderate-energy charged particles upon neutron capture and is capable of producing, sustaining, and separating e-h pairs (i.e. direct-conversion semiconductors) are rare and usually poorly understood in terms of both their processing and fundamental electronic and electrical carrier transport properties. Therefore, achieving very high conversion and total efficiency from directconversion solid-state neutron detectors has been and continues to be a grand challenge. Conversely, indirect-conversion heterostructures are based on well-understood semiconductors and mature semiconductor processing technologies, and can thus be fabricated with extremely high conversion efficiencies for secondary reaction capture products [166, 167] as well as the reproducibility needed for commercial manufacturing. However, such thin-film-coated devices are innately limited in their total efficiency because of the decrease in primary scattering product energy that is converted into e-h pairs as a result of unavoidable self-absorption processes in the indirect-conversion heterostructure geometries. Therefore, the persisting challenge in the competition between the indirectand direct-conversion solid-state neutron detector classes for highest total efficiency may be presently summarized, unfortunately, not in terms of pushing the physics frontier (vide supra) but in terms of the maturity of the materials processing technologies, in addition to the advances in heterostructure geometry optimization and understanding of the electronic and physical properties of the heterostructure materials [168] [169] [170] [171] . Ultimately, indirect-conversion detector designers are striving to optimize the interaction between the conversion and space charge material regions to obtain effective direct-conversion devices, while direct-conversion detector designers are focused on developing and understanding the processing and electronic properties of the conversion materials towards achieving high total efficiency given the simplicity of the heterostructure designs. The next two sections address the general design considerations and challenges associated with the indirectand direct-conversion heterostructures of the p-n junction and Schottky heterostructure classes.
Efficiency is used often in this review in the context of solid-state detectors, and a point of clarification should be made to remove ambiguity. Conversion efficiency refers to the efficiency of separation of e-h pairs after they have been produced from one or multiple moderate-energy ion(s), while total efficiency is defined in this work as the quotient of detected-to-incident neutrons, which encompasses both crosssection-related interactions of the neutron and primary neutron reaction products as well as e-h pair generation and separation efficiency. For an incident neutron to be detected, a scattering or capture reaction event must occur and must lead to the generation of e-h pairs that are separated and collected with a total charge-to-voltage pulse conversion distinctly above the noise level. Because the energy of the incident neutron dramatically affects the probability that a scattering or capture reaction event takes place, the incident neutron energy and probability for a particular reaction (see table 1) should be qualified when stating the total efficiency. For example, the total efficiency for a thermal neutron beam incident on a 10 B thin-film-coated planar p-n junction will be much greater than that of a reactor spectrum neutron beam incident on the same device. In the latter case, if a moderator is used to reduce the incident neutron energy of the reactor neutrons, the attenuation in the moderator and conversion layers should be accounted for when reporting the total reactor detection efficiency.
Finally, it is important to note that it is the average number of e-h pairs that can be generated and separated in the space charge region per incident neutron, not just the number or energy of the primary reaction products that cross into the space charge region, that determines whether enough charge will be generated and swept out for an event to be counted. For example, despite the order-of-magnitude gain in thermalneutron-capture cross section for 157 Gd versus 10 B over the one to hundreds of meV energy range (figure 6), the average number of e-h pairs generated and separated per incident neutron is similar for the two because it requires approximately thirty 79 keV conversion electrons from the gadolinium capture to equal one ∼1 MeV helium or lithium ion from boron capture assuming a 2π single-layer geometry (vide infra).
General heterostructure considerations
For both direct and indirect heterostructure types, the choice of materials and geometry, towards optimization, are application-specific. Some of the important applicationrelevant characteristics to consider include:
• incident neutron flux and direction (i.e. parallel, omnidirectional);
• neutron mean free path or macroscopic cross section as a function of kinetic energy; • range and energy of moderate-energy IEL and NIEL neutron reaction products; • majority and/or minority carrier diffusion lengths;
• electronic bandgap, work function and band edge positions of all materials; • space-charge-induced electric field (direction and magnitude) between each interface.
Advancing both direct-and indirect-conversion heterostructures, in the context of significantly improving spatial, temporal and/or energy resolution towards applications, requires simultaneously maximizing neutron stopping, e-h pair production, and e-h pair separation and sweepout, while suppressing nonsignal carriers and trapping/recombination. Nonsignal carriers are electrons, holes, polarons or other charged particles that transport under drift or diffusion and do not originate from primary or secondary neutron reactions, but contribute, as leakage current, to part of the total detected signal. Trapping and recombination limit the total charge that may be converted to a voltage pulse by the preamplifier; obtaining a voltage pulse whose magnitude is clearly in excess of the leakage/noise is paramount. Enhanced neutron stopping is traditionally accomplished by increasing the isotopic stoichiometry (enriching), density and/or volume of high-neutron-capture-or scattering-cross-section centers. For indirect-conversion devices, enhancement of neutron stopping using these traditional methods for two-dimensional planar heterostructures includes the trade-off of a decreased charged particle product energy loss inside the adjacent space charge region. For direct-conversion devices, enhanced neutron stopping is usually commensurate with a decrease in the number of e-h pairs that can be separated as a result of the poor or unoptimized electrical transport properties (especially carrier diffusion length) of conventional high-neutron-capture cross-section direct-conversion materials (e.g. boron-rich solids). For ideal and timely e-h pair separation, a large mobility-carrier-lifetime product (μτ ), a low heterostructure capacitance and a low concentration of recombination centers (i.e. traps, deep levels) is sought [2, 23, 24] . For both the direct-and indirect-conversion devices operated in high flux or demanding environments [172] radiation hardness is also required to ensure that leakage current levels remain lower than the signal-this includes monitoring the leakage current and e-h pair separation effects from resistivity and carrier lifetime degradation [173] . General considerations toward the optimization of neutron stopping as well as signal and nonsignal carrier generation, separation, collection and/or blocking for each heterostructure type are discussed below. In going from (a) to (l), the semiconductor and conversion layer deposition processing complexity increases but also allows for greater control over the production and collection of secondary reaction products from neutron capture.
Indirect-conversion heterostructures.
The first indirect-conversion heterostructures, reported in the 1950s and 1960s, used a planar design (figure 7(a)) with thick (i.e. one to tens of microns) conversion films or foils (see the list of isotopes in table 1) to generate primary reaction products (i.e. moderate-energy charged particles) [47, [174] [175] [176] [177] [178] [179] [180] [181] [182] . Given the resulting bulk-like interactions for the reaction products and 2π transduction geometry in the planar configuration, total device efficiencies were inherently limited, which rendered this class of devices unpopular despite their relative promise [183] [184] [185] . As the mean free path of the capture reaction products was of the order of the film thickness, only those capture reactions which occurred at the conversion-to-space-charge interface produced moderate-energy charged particles that resulted in near-full energy conversion into e-h pairs. Further, given that for most isotopes the two primary reaction products (table 1) conserve momentum by their nearly 180
• ejection (figures 3 and 5) from the capture reaction center, the 2π transduction geometry restriction allows for only up to half of the primary reaction products to be used for generating e-h pairs in the space charge region (figures 5(a) and 7(a)).
Despite the above limitations, optimization of these planar designs, especially towards specific applications [7, [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] [198] [199] , included the use of alternative conversion isotopes or com-plexes thereof [177, [200] [201] [202] [203] [204] [205] [206] [207] [208] [209] [210] [211] [212] [213] [214] , large-bandgap and various resistivity semiconductors [30, 45, 190, 200, [215] [216] [217] [218] [219] [220] [221] [222] [223] , gamma-ray subtraction/discrimination [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] [234] [235] 217, 226, 243, [259] [260] [261] [262] [263] [264] [265] . The use of alternative conversion isotopes and/or their complexes allowed for the optimization of film thicknesses and the ability to tune material properties (vide infra) for cross section, conversion particle type and mean free path. The use of high-bandgap materials helped to suppress thermally induced carriers contributing to leakage current, but decreased the total signal as the energy cost per e-h pair increased [25] . Reducing areal dimensions enabled pixilation, so that a real-time x y neutron detector, with pixel sizes of the order of hundreds of square microns, could be produced that was competitive with 3 He and track detectors. Heterostructure stacking (figures 7(b) and (d)) led to 4π collection and increased the total opacity to neutron capture without increasing the average self-absorption for the primary reaction products; as the transduction of both primary reaction products (from isotopes that yield dual moderate-energy ions from table 1) became possible, a nearly twofold increase in total efficiency was observed. Further, heterostructure/moderator stacking (figures 7(b) and (d)) allowed for detection of incident neutrons over a large energy range (i.e. one keV to tens of MeV), in some cases provided effective collimation [182] and increased the total efficiency for monoenergetic fast-neutron detection. A special version of the heterostructure/moderator stacking design was also employed for neutron spectroscopy (i.e. incident energy and incident angle analysis) which incorporated transmission detectors for energy loss rate over a defined distance (dE/dx), total energy loss and/or scattering angle probability all in one detector [248] ; these devices and proposed improvements thereof are discussed in detail in section 3.2. Gamma-ray or other background convolution with the neutron signal was effectively suppressed or removed through coincidence subtraction (also an advantage of 4π collection) or optimization [229] of the size of the active space charge region (using the p-n junction, but especially Schottky geometries) to minimize the separation and sweepout of gamma-ray-generated e-h pairs (i.e. to enhance the recombination of gamma-ray-based e-h pairs). Overall, while total efficiencies for incident thermal neutrons in the planar geometry were calculated to be as high as 25% [201] (figure 7(a)) or 73% [215, 245] (figure 7(b)), empirical efficiencies were reported as no greater than 5%. Spatial resolution of <100 μm was measured [163], although 500 μm was more typical [201, 240] with this generation of device.
The major advances in the total detection efficiency of indirect-conversion heterostructures, other than a forwardthinking 1983 patent [266] , did not arrive until the mid1990s. Here, a combination of the right tools-progressive lithographies, novel material-deposition methods, and advanced civilian/international versions of the Monte Carlo particle transport codes [267] [268] [269] -opened a pathway to be able to tune the capture reaction product scattering length to the scale of the carrier diffusion length with limited selfabsorption in the converter, whereupon much higher total efficiencies were made possible. Specific design improvements included the systematic [5, 6, [270] [271] [272] consideration of the conversion-material thicknesses, densities and isotope types, as well as the aspect ratios of the neutron-conversion and space charge materials, which, through modeling and extensive testing [5-7, 47, 159, 163, 165, 171, 174, 201-203, 224, 226, 239, 245, 270-284] , resulted in the geometries shown in figures 7(e)-(h) [143, 266, 270, [285] [286] [287] [288] [289] [290] [291] [292] [293] [294] [295] [296] [297] [298] [299] [300] [301] [302] [303] [304] . Ultimately, it was the clever marriage between high-aspect-ratio heterostructuresinspired by solid-state gamma-ray. [305] and charged particle detector advances [137]-with the efficiency increases calculated for multiple p-n junction/converter sandwiches [290] that led to the idea for [306] and demonstration of [287] enhancing the interface area between the space charge region and conversion material in a monolithic heterostructure. That is, a single heterostructure in which the interfacial area between the conversion material and space charge region is significantly increased, allowing for a substantial decrease in the primary reaction product self-absorption. Such devices are referred to as grooved or perforated or, more generally, as microstructured or three-dimensional.
In 2001, McGregor presented the first systematic calculations [275] of the upper limit on total efficiency for thermal neutrons from various hybrid heterostructuremoderator geometries, with results much more conservative than previous calculations. These geometries ranged from a single-sided conversion layer (<4.5%-figure 7(a)), to a double-sided conversion layer (<9%-figure 7(c)), to a single layer sandwiched between two heterostructures capable of coincidence (<4%-figure 7(d)), to a single-sided doublecoated (i.e. compound) conversion layer (<12%-figure 7(i)), to filled holes in a single-sided heterostructure (<10%-figure 7(e)), and, finally, to filled holes with compound layering and staggered heterostructure sandwiching (>20%). The natural progression for the highest total efficiency device, regardless of the conversion reaction utilized, is that with the highest interfacial area between space charge and conversion material up to the threshold at which (1) the space charge region is of the order of the primary reaction product mean free path; (2) the carrier diffusion length in the active semiconductor is exceeded (contact placement is crucial) or (3) the neutron direction incident on the heterostructure does not change the efficiency as a result of channeling. Designing the heterostructure geometry with these points in mind allows for both the energy loss of the primary reaction products and their average take-off angle relative to the long axis of the conversion material to be optimized [279, 281] . It should be noted that, although stacking of planar heterostructures increases total device efficiency, attenuation of the primary reactions products in the bulk of each layer results in total efficiencies of each heterostructure that do not add linearly [300] nor as efficiently [5] ; this is an explicit and important point to be considered within the class of threedimensional indirect-conversion devices (i.e. monolithic heterostructures and stacks thereof), especially in comparing those with conversion-material filled holes (figure 3(e)) versus trenches ( figure 3(g) ), despite their comparable interfacial areas. For comparison, calculations for stacks of 15 planar devices, with 1.4 or 15 μm thick films of 10 B or 6 LiF, have yielded total thermal neutron detection efficiencies in excess of 25% [5] , while calculations for the three-dimensional designs and stacks thereof (figures 7(e)-(j)) have yielded total efficiencies of >30% [307, 308] , >75% [292] , >50% [271] , >40% [298] and ∼90% [286] . However, empirical results for total thermal neutron detection efficiency of the advanced three-dimensional indirect-conversion heterostructure devices have been reported as 21% [281] (figure 7(e)), 35% [281] (figure 7(j)) and 12% [296] (figure 7(j)), with no published values for the stacked devices. These lower experimental efficiencies may, in part, be due to the implications of creating high interfacial areas.
That is, despite the elegance of monolithic indirect-conversion heterostructures, the creation of a substantial interfacial area enhances the total surface/interface recombination and leakage current [296] (as well as electric field uniformity), which limits the conversion efficiency (and hence the total efficiency), especially when the interface consists of sensitive and irreparable crystal faces (i.e. those with innate dangling bonds and the potential to create new interface states with the conversion material or its precoating). Much effort has been put into the single-junction silicon solar cell industry to reduce surface recombination loss of minority carriers through the growth of epitaxial SiO 2 with limited metal-semiconductor interface contact [309] . Optimization of leakage current, contact placement, space charge direction and interfacial defects (in the context of wasted or unusable primary reaction product energy loss) in advanced three-dimensional indirectconversion heterostructures are open challenges whose solutions will allow empirically determined total thermal neutron detection efficiencies to approach those predicted theoretically.
Toward the goal of advancing both spatial and temporal resolution with the manufacturability maturity needed for a turnkey detector system-but at the cost of lower total detection efficiency-planar indirect-conversion detectors were recently revived [241, [310] [311] [312] [313] [314] [315] based on advances from the medical x-ray detector community (e.g. Medipix detectors). Spatial resolutions of 50 μm for thermal [311] and 99 μm for fast [316] neutrons have been achieved, which provided the basis for neutron tomography of low-Z structures, not possible with x-ray-based radiographies. The enhanced spatial and time resolution has allowed for the identification of unknown incident particles through the unique determination of the primary reaction capture product energy loss [317] . Further progress in spatial resolution is limited by the stopping range and/or scattering of the incident neutron, as the spatial resolution of the primary reaction products can already be determined within hundreds of nanometers [318] . Thus, advances in spatial resolution will require a clever means of corralling the neutron normal to the surface point of entry into the conversion layer. Further enhancements will aim to cut channels and load conversion material (figure 7(g)) into the medical x-ray detector analogs to marry the high total efficiency, spatial and time resolution, and radiation hardness [319] attributes.
It is also important to contrast the above detectors with the recent microchannel plate (MCP)-based indirect-conversion devices [320] [321] [322] [323] [324] [325] [326] [327] . In the MCP devices, a glass plate with closely spaced pores is loaded with neutron-sensitive isotopes from which primary and secondary reaction products may be generated [328] . The reaction products lead to electron multiplication/avalanche in the microchannel pores which are then subsequently detected; the final two steps of this process (i.e. electron multiplication and detection) are beyond the scope of this review. However, here again, benefiting from the advances of the x-ray and charged particle detection communities, the MCP-based neutron detectors are poised to provide excellent two-dimensional spatial (<15 μm) and temporal (1 μs) [324, 325] or one-dimensional temporal (50 ns) [326] resolution on a platform that can theoretically compete in total thermal neutron detection efficiency (from 2-12% [323] to 50% [326] calculated) with the planar and threedimensional detector classes described above. Unfortunately, the direct incident neutron energy information is made nearly undecipherable by the charge multiplication process, but with such excellent timing resolution, time-of-flight studies in the proper geometry (vide infra) could be possible [326] . The high spatial resolution comes from the intrinsic collimation of the microchannels (i.e. their high aspect ratio of 250:1) [322, 324] and the timing resolution from advances in delay-line readout. The most recent experimental verifications of the above calculated values have shown total efficiencies of 43% for cold and 16% for thermal neutrons with <15 μm spatial and <5 μs temporal resolution [327] . While the plates of the MCP-based device presently provide an advantage in spatial resolution and the electronics capability can yield resolutions of the order of tens of picoseconds, the electron multiplication step may ultimately limit the temporal resolution. Once the lithographic techniques capable of embedding boron/lithium into the medical x-ray (i.e. Medipix) or analogous detectors are mature, it will be difficult for the MCP-based devices to compete in time, efficiency and spatial resolution-that is, unless hybrid device concepts which integrate the MCP and p-n junction are realized [329] .
The next generation of indirect-neutron-detection devices will likely be developed by four groups/communities: (1) those with the interdisciplinary skills to mesh the highefficiency three-dimensional devices with excellent spatial resolution and fast readout electronics; (2) those with the materials science know-how to fabricate heterostructures with geometries yielding even higher surface areas; (3) those who will exploit the advances from group 1 toward new applications or toward the discovery of new neutron-based interactions and (4) those with the insight to determine and rectify deficiencies in the nuclear and condensed-matter physics of neutron and primary reaction product transduction. The first and second groups, while making incremental advances, are important to the realization of commercial products that will benefit research and general dosimetry end users in the next ten years. The second group will likely strive to design detectors that can simultaneously provide information regarding all degrees of freedom of the incident neutron. The third and fourth groups, however, are those cutting the road; a recent example is the work by McGregor and co-workers on advanced indirect-conversion neutron detector straight and sine wave trenches [282, 296, 299] with conformal or three-dimensional space charge configurations (figure 7(k)). Here, deficiencies in the macroscopic interaction of neutrons with the conversion material (i.e. channeling) and the uniformity of the space charge region were identified. The channeling problem (in two dimensions) was alleviated by etching two-dimensional trenches in the form of sine waves or chevrons into silicon p-n junctions ( figure 7(j) ), while the poor space charge region uniformity was amended by diffusing dopant after the trenches were etched to create a three-dimensional space charge region rather than cutting into the traditional predoped planar (i.e. two-dimensional) space charge monolith (figure 7(h) versus figure 7(k)). Lithographically cutting or etching a sine wave or other similar geometry that changes in three dimensions ( figure 7(l) ), where neutrons incident from any direction yield the same total efficiency, utilizing preferential crystal etching, decreasing interface/surface recombination and selectively depositing individual contacts within those three dimensions would take this class of devices a step further. Finally, despite the steady and marked advances in indirect-conversion heterostructure design, it is unlikely that any of the above four groups will stray from the use of conventional bulk conversion and space charge materials in advanced detector design. Section 2.2.2 departs from the discussion of clever geometries, focusing rather on the development and improvement of semiconductor materials whose majority constituent is a neutron capture or scattering center that is capable of producing moderate-energy charged particle products. The class of devices integrating such neutron-sensitive semiconductors may be effectively likened to indirect-conversion heterostructures with infinite interfacial area and zero self-absorption in the conversion material.
Direct-conversion heterostructures.
Solid-state directconversion neutron detection heterostructures are devices whose space charge generating material also generates primary reaction products from neutron capture or scatter. This space charge material may be one or both sides of a p-n junction (or the base layer of a conventional diffused junction) or the sole semiconductor in a Schottky device. There are three subclasses of direct-conversion heterostructures: (1) those based on mature semiconductors with low microscopic neutron cross sections (i.e. low-macroscopic-cross-section heterostructures); (2) those based on mature semiconductors that incorporate high-microscopic-neutron-cross-section constituents at low concentrations (i.e. low-macroscopic-crosssection heterostructures) and (3) those based on immature semiconductors with high-microscopic-neutron-cross-section constituents dominating the stoichiometry (i.e. large macroscopic cross-section heterostructures). Microscopic cross section speaks here to the incident-neutron-energy-dependent capture, scattering or fission cross section for moderate-energy primary reaction product generation, whereas macroscopic cross section refers to the incident-neutron-energy-dependent stopping power or mean free path (see figure 8) . Mature semiconductors are taken as silicon or germanium. Total cross sections to account for opacity were used in the calculations here and 100% enrichment of 1 H, 6 Li, 10 B, 157 Gd and 235 U to generate a best case scenario. Cross-section data from [568] .
Because self-absorption (i.e.
unconverted primary reaction product energy) is not a limitation for directconversion heterostructures (see figure 5(b) ), their geometry can be limited to that of a simple planar junction. Advanced applications for spatial, temporal or energy resolution of incident neutrons may require the adjustment of contact placement and diode stacking, but the planar design persists, with transistors and other unique space charge directconversion heterostructures being exceptions to this type of device development at present. This does not mean that advanced active region direct-conversion heterostructures, such as those with a back surface field geometry, are less efficient but that they are simply too complex given the deficiencies in our understanding of the known highmacroscopic-cross-section solids. The thickness of each planar component in the heterostructure is designed primarily as a function of the desired total stopping power (a function of the neutron mean free path), carrier diffusion length and, to a lesser extent, the junction capacitance. For most applications, fully stopping the neutron is preferred, with differential energy analysis applications and high flux beam monitors being exceptions. For heterostructures based on low-macroscopiccross-section constituents, this means the planar layers must be thick (i.e. one to tens of cm in thickness), which immediately compromises both the leakage current and carrier diffusion length. Therefore, the ideal direct-conversion heterostructure is composed of materials that have both a large microand macroscopic cross section (to bring the semiconductor thickness to the order of tens of microns for thermal neutrons; figure 8 ) and a long carrier diffusion length (i.e. of the order of tens to hundreds of microns) up to the limit, ideally, at which the thickness is so low that junction capacitance becomes the limiting factor. To some extent, leakage current and capacitance can be controlled by tuning the heterostructure series resistance and applied bias as long as requirements pertaining to the desired stopping distance and carrier diffusion length (assuming zero external bias) are first met. It is in this context that the inability to simultaneously achieve both a short neutron mean free path and long carrier diffusion length has plagued the success and popularity of the direct-conversion detector class and led to the evolution of several subclasses.
Each subclass presents its own advantages and challenges, commensurate with the character of the communities that champion the material's growth, unique heterostructure design and/or nuclear physics associated with that subclass. The subclass represented by mature low micro-and macroscopic cross-section semiconductors was first introduced in the early 1960s [179, [330] [331] [332] [333] [334] [335] [336] following a string of successes for surface-barrier and p-n-junction-based solid-state charged particle detectors [337] [338] [339] . Neutron capture reactions for silicon-and germanium-based direct-conversion solid-state neutron detectors are shown in table 1, with energy-dependent cross sections represented in figure 9 . During this early period, special emphasis for the silicon devices was placed on mapping the incident-neutron-energy-dependent isotopic cross sections for the (n, α) and (n, p) reactions. It was subsequently determined that energy analysis of the recoiling nucleus (e.g. the 25 Mg from the 28 Si(n, α) 25 Mg), in addition to the energy determination of the alpha particle or proton, could be used to back out the incident neutron energy; on this basis, a spectrometer with low total efficiency but relatively high resolution (of the order of tens of keV) could be fabricated (see section 3.2 for more on energy analysis using this technique). Building on the high-energy threshold (>5 MeV for 28 Si, >3 MeV for 29 Si and >8 MeV for 30 Si) and resonant cross-section structure, applications for determining fusion plasma ion temperatures [340] or 14 MeV neutron flux from tokamak triton burnup [341, 342] , to fastneutron dosimetry [247, 343] , to total fluence determination for colliders [310] were studied. Although there has been recent work utilizing the alpha particle and proton products from silicon neutron capture, such studies are tangential to the intended application (e.g. gamma-ray or muon detection) of the silicon-based detectors. Overall, silicon-based directconversion heterostructures may be of interest for future development, not only because of their excellent electrical transport properties and device integration, but also their comparable cross section to 1 H, 3 He, 6 Li and 10 B ( 157 Gd is an exception) for moderate-energy charged particle generation at 1 MeV incident neutron energy (figure 6). That is, the use of high-macroscopic-cross-section solids is usually only advantageous for thermal neutrons. Upon consideration of the cost of attenuation (i.e. intensity reduction) and delocalization (in energy and real space) incurred during the process of neutron thermalization (i.e. moderation), combined with the unoptimized electronic properties of high-macroscopic-crosssection solids, the pursuit of silicon detectors may prove worthwhile.
The second subclass of active materials in directconversion heterostructures, exhibiting overall low microscopic cross sections, are those solids that incorporate highmicroscopic-cross-section constituents at dilute concentrations. In some cases, constituent incorporation into the mature bulk semiconductor is a straightforward isoelectronic replacement, as in p-doped silicon with isotopically enriched 10 B [344] , while in other cases the constituent can be much more (e.g. complexed multivalent uranium [345] ) or less (e.g. quiescent helium [346] [347] [348] ) chemically active than a conventional electronic dopant. Of the handful of reported work on such semiconductors, pulse height signal-to-noise ratios of only 2:1 for moderate-energy neutron capture products have been demonstrated, despite doping concentrations as high as 10 21 cm −3 ; lithium-drifted silicon [349] and germanium [16] solid-state neutron detectors also fit in this category. While doping mature semiconductors with high-microscopic-crosssection isotopes as minority constituents is convenient, this strategy has no straightforward fundamental advantage over the other direct-conversion detector subclasses. If, however, the detectors are specifically intended to be monetarily inexpensive, utilizing dopants at natural isotopic abundance with standard semiconductor processes, an advantage for niche dosimetric applications with very high flux (e.g. beam-position monitors) at thermal neutron energies may be feasible.
The third subclass comprises heterostructures in which the active semiconductor stoichiometry is built from at least one isotope with a high neutron scattering or capture microscopic cross section (i.e. high-macroscopic-cross-section heterostructures) that also generates moderate-energy charged particle products. Of the isotopes that meet these criteria, only hydrogen, lithium, boron, gadolinium and uranium have been proven to be reasonable majority constituents in compound semiconductors, and of these compound semiconductors, only a handful have shown the most basic electrical, electronic, structural and chemical properties, combined with the processability needed to fabricate a direct-conversion neutron detector heterostructure.
In the case of hydrogen (and, to some extent, materials constituted from 2 H, 12 C and 16 O), the hydrogen-rich organicbased conducting polymer polyacetylene (C 2 H 2 ) n has been postulated as being useful to detect neutrons in the Schottky heterostructure [266, 350, 351] , although this has not been reduced in practice [352] . Given the tremendous recent advances in organic light-emitting diodes [353] and organic photovoltaics [354] , especially towards enhancing electrical carrier mobility (e.g. from hundredths to hundreds of cm 2 (V s) −1 ) for very thick conducting polymer films [355] , and since this work was reported in 1983-85, the use of hydrogen-rich conducting polymers as active layers for directconversion neutron detection heterostructures could be an emerging near-term area of study (however, see the neutron mean free path comparison in figure 8 before venturing in this direction). Further, hybrid hydrogen-rich semiconductors that incorporate high-loading-ratio gadolinium-chalcogenide or uranium-based nanoparticles (borrowing from that learned in scintillation [356] ), or boron-or lithium-fluoride counterions (for the oxidatively doped conducting polymers) could also be of interest for increasing not only the macroscopic cross section, but also for extending the useful energy range for high-probability neutron scattering or capture. One could also consider developing bulk hydrogen-rich organicbased semiconducting heterostructures coupled to the more standard inorganic direct-conversion or indirect-conversion heterostructures that would act as active moderators which reduce neutron energy and extract e-h pairs rather than the passive moderators that only act to reduce neutron energy and flux (i.e. attenuate) such as polyethylene or analogous moderators that have canonically been used. Such a configuration could be used to increase the total efficiency for fast neutrons and provide more information for incident neutron energy analysis. It should be noted that even at atomic concentrations of up to 20% for hydrogen in amorphous hydrogenated silicon (a-Si:H) films of tens of microns in thickness, no appreciable or resolvable signal from proton recoil was found [201, 215, 245] , which emphasizes that very thick film-based heterostructures are needed to effectively utilize proton recoil in hydrogen-rich organic or inorganic semiconducting materials; this is further supported by the energy-dependent mean free path for (C 2 H 2 ) n in figure 8 .
In the case of lithium, the author is not aware of any reported p-n-junction-or Schottky-based direct-conversion neutron detection heterostructure work. However, advances in blue-light spontaneous-and stimulated-emission diodes, progress in Li-ion battery anodes and the study of simple superconductors (e.g. MgB 2 analogs) have motivated the prediction and subsequent fabrication of a number of lithiumrich solids, many of which are p-type semiconductors that may be useful towards fabricating active thin films in directconversion neutron detection heterostructures. Li 12 Si 7 has an energy bandgap (E g ) of 0.6 eV and an electrical resistivity (ρ) of 10 6 cm [357] [358] [359] ; the isostructural germanium analog (Li 12 Ge 7 ) as well as LiSi (E g = 0.06 eV) likely have too small a bandgap to be considered useful at room temperature [360] . A number of intermetallic complexes, including LiInSe 2 [361] , LiInS 2 [362] , LiZnAs [363, 364] , LiCdP [363] , LiZnP [363] , Li 8 MgSi 6 [365] and variants thereof [366] , yield bandgaps that range from 0.7 to 2.1 eV and resistivities from 10 −1 to 10 10 cm, with one report of hole mobilities up to 30 cm 2 V −1 s −1 at room temperature. Despite initial predictions of an LiB semiconductor [367] , both α-LiB and β-LiB have been shown to have a strong density of states at the Fermi edge [368, 369] , while Li 2 B 6 [370] and Li 3 B 14 [371] exhibit bandgaps of ∼2 eV, with a host of other stoichiometries and structures that have not been explored electronically [372, 373] . Some predicted challenges in using most lithium semiconductors as active layers for neutron detection include hydrolyzation from direct exposure to atmosphere, electromigration of Li ions under applied bias in the detector geometry, high density of recombination centers, relatively poor carrier mobility and very low work function. For the intermetallic complexes, inclusion of indium ( 113 In, 115 In) or cadmium ( 113 Cd) may cause unwanted background in a neutron field and should be used cautiously. Further, any ferroelectric, piezoelectric or comparably electrically polarized lithium complex (e.g. LiNbO 3 , Li 2 B 4 O 7 ), despite having bandgaps >3 eV, should be carefully considered, as an enhanced capacitance will limit e-h pair sweepout. One major attractive feature of Li is its very low cross section for gamma interaction; however, with a natural abundance of 8% for 6 Li and no established thin-film processing reported, it is likely that the lithium-rich semiconducting complexes will remain dormant in direct-conversion solid-state neutron detection.
Boron-rich solids are, by far, the most studied, applied, controversial, varied and least understood semiconductor materials in the context of solid-state direct-conversion neutron detector heterostructures. Starting from 1952, patents filed by Welker et al [374] [375] [376] (Siemens Corp.) outline the use of bulk boron-pnictide crystals, and neutron subreactions with group V isotopes, in the formation of p-n junctions for the detection of thermal neutrons. It was immediately realized that bulk elemental boron crystals, although excellent for stopping neutrons, could not be grown or post-processed thin enough to efficiently extract a charge pulse in the heterostructure geometry, due in part to both poor electrical carrier mobility and extremely high resistivity. Welker found that the addition of nitrogen, phosphorus, arsenic or antimony allowed for control over the bandgap (with the gap decreasing in that order) and an enhancement in the carrier mobility; the addition of group II-B dopants (Zn, Cd or Hg) was said to shift the majority carrier to an acceptor while addition of group VI-A dopants (S, Se or Te) was postulated to shift the balance to a donor-type boron-rich solid. By 1963, Hill [133] (Monsanto Chem. Co.) claimed to have refined Welker's work, finding that hexaboron phosphide (B 6 P) exhibited superior electronic properties to the other boron-pnictides and within the boron-to-phosphorus stoichiometry for direct-conversion neutron detection devices, as well as controlled growth of thinner 500 μm thick crystals, ohmic contacts, and dopants for surface-diffusion-based p-n junctions; however, actual neutron detection spectra had yet to be presented. Hill did posit [133] , and later demonstrated [377] , that group VI-B dopants (Cr, Mo and W) would drive the boron-rich phosphides to a bulk n-type material, a tremendous insight that would only begin to be understood many years later [378] . to deposit boron-rich thin films as a means of overcoming the bulk crystal electrical transport limitations. Although all of the tools and know-how were available to fabricate a thinfilm-based p-n junction, only a neutron-sensitive thermistor was reported [381] by Bloom during this period. Although thermal-based CVD of boron-rich films continued to be refined [382] [383] [384] [385] , especially towards mechanical applications, it was not until the late 1980s that novel low-substratetemperature thin-film-deposition techniques, including pulsedlaser deposition, radio-frequency magnetron sputtering, laserassisted CVD, hot-wire CVD and plasma-enhanced CVD (PECVD), were shown to provide the control needed (at ∼300
• C) to fabricate and tune electronic-grade materials with abrupt interfaces. Such deposition techniques are in strong contrast to the impurity diffusion and segregation (especially of carbon) problems (even for crucible-free single crystals) incurred with thermal-based CVD films grown at >800
• C (see [386] [387] [388] [389] and references therein for a complete history).
From 2002 to 2005, Robertson, Adenwalla and coworkers [276, [390] [391] [392] [393] , building on the PECVD and magnetron sputtering deposition route for electronic-grade thin-film boron-rich solids, developed since 1988 by Dowben and co-workers , reported the first direct-conversion pulse height spectra from a 276 nm B 5 C film deposited by PECVD from orthocarborane (C 2 B 10 H 12 ) onto n-type silicon (30 cm) with Cr (10 nm)/Au (40 nm) contacts. Although it was clear that the pulse height character was derived from the individual moderate-energy ion primary reaction products from boron neutron capture, the rectification character of the reported junction and expected reaction product superposition energies were nontraditional or missing, and therefore the validity of the B 5 C layer being an active semiconductor (i.e. that the pulse height spectra were derived from a genuine direct-conversion heterostructure) was immediately challenged and debated [168] [169] [170] . Specifically, McGregor and others pointed out the potential for mistaken interfacial boron doping of the underlying n-type silicon and questioned the absence of the sum peaks (at 2.3 and 2.8 MeV) that should be observable in direct-conversion heterostructures where oppositely recoiling primary reaction products create e-h pairs in both the n-and p-type layers of a direct-conversion p-n junction. Although Dowben had shown that rectifying junctions with boron-only-based heterostructures (i.e. homojunctions) were possible [407, 417] , hence demonstrating that B 5 C is an active semiconductor, it was not until 2006 that the primary reaction product sum peaks from neutron capture were first weakly observed and rigorously modeled in both the all-boron-carbide homojunction and B 5 C/n-Si heterojunction heterostructures [171, [418] [419] [420] [421] [422] [423] . It is important to note, however, that the interfacial metal work function to p-type boron-rich solids must be considered carefully, as Schottky barrier formation is known to occur with high-work-function contacts (Au, Pd, Pt) and ohmic behavior with contacts that exhibit relatively low work functions (Ti, Cr, Al) [139-141, 143, 150, 151, [424] [425] [426] [427] [428] [429] [430] [431] [432] [433] [434] . For multilayer contacts, where a low-work-function contact is capped by a high-work-function contact to prevent oxidation, such as in Cr/Au, one must ensure that the high-work-function metal does not diffuse through a thin (one to tens of nanometers) low-work-function contact. Further, the resistivity of the ntype silicon base substrate onto which the p-B 5 C is deposited (or p-type silicon in the case of doped (e.g. nickel) B 5 C) is also an important aspect to consider in understanding e-h pair separation in the context of the pulse height results [276, 390, 391, 419, 422, 423, 435] , especially with less than 50 V reverse bias applied. In returning to the sum peaks, an important outcome of looking at the time evolution of the e-h pair sweepout, generated by the B 5 C/n-Si heterostructure neutron capture primary reaction products, was that the charge pulse rise time through the boron carbide semiconductor (i.e. hundreds of nanoseconds to one microsecond) was found to be very slow compared with that from silicon (i.e. one to tens of nanoseconds). Thus, for the all-boron-carbide homojunctions, one time constant setting is then sufficient to sweepout and generate sum peaks in the pulse height spectra, as were observed, whereas in the B 5 C/n-Si heterojunction, the two very different charge-producing pulse time windows may only be observed from a long charge-or voltagetime (i.e. tens of microseconds) acquisition (e.g. by an oscilloscope) as shown by Day [419, 422] , Harken [420] and more recently Hong [435] . From a charge-to-voltage conversion point of view, the direct-conversion heterojunction device is then not as effective in generating charge (i.e. the voltage pulse is not as high) as the direct-conversion homojunction when reducing the pulse collection time window to match only one of the semiconductor layer sweepout properties, but it is still more effective than indirect-conversion heterostructures with reduced charge generated due to selfabsorption of both moderate-energy ion primary reaction products. Total thermal neutron efficiencies normalized to the film thickness for the B 5 C/n-Si heterostructure have been shown to be greater than 80%, but such normalization is misleading as the electrical transport and junction properties associated with e-h pair sweepout may not scale linearly with B 5 C film thickness, especially as one tries to enhance the total neutrons stopped by increasing the film thickness to, for example, 3 or 10 μm or greater. That is, the total un-normalized empirically determined thermal neutron efficiencies from the boron-rich class of direct-conversion heterojunction and homojunction heterostructures have yet to compete with the values regularly met with the indirectconversion heterostructures of >10% (vide supra), most probably because of the high concentration of both holes and electrons, as well as trap and/or recombination centers, leading to low mobilities [414, [436] [437] [438] [439] [440] as found for similar boronrich solids. A recent study by Adenwalla et al [435] supports this point with 1.8 μm thick B 5 C on n-Si heterostructures with <1% thermal neutron detection efficiency, compared with the 0.3% thermal detection efficiency for a 232 nm thick B 5 C four years earlier [419, 422] . Ultimately, such low total detection efficiencies for the semiconducting boron-based heterostructures are temporary, rooted in the large gap in our understanding of the physical, electronic, electrical transport and chemical properties of the thin films produced, as well as the differences reported between groups and their handling procedures, especially considering the extreme oxygen and moisture sensitivity of the films [441] . Recent work toward systematically rectifying deficiencies in the understanding of these basic properties of these boron-rich carbides is occurring [442] [443] [444] , but the determination and reproduction of more basic properties among the many groups, including the carrier concentration and mobility, carrier diffusion length, work function and lifetime as a function of stoichiometry, and pre-and post-growth treatment are needed if the normalized >80% total neutron detection efficiencies are to scale with >5 μm thick B 5 C or ultimately >13 μm B 5 C homojunctions.
Other boron-rich solids that may be promising semiconducting candidates for direct-conversion neutron detection heterostructures, as per initial results, include electron-beamdeposited aluminum dodecaboride (AlB 12 ) [445] and pulsedlaser deposited or sputtered AlMgB 14 [446] .
Uses for these materials include homojunction, heterojunction and Schottky barrier formation. Further, it would appear to be a straightforward embodiment to apply developed recipes for Schottky barrier formation to the boron-phosphides or analogous boron-rich solids to these aluminum borides to fabricate structures with low leakage current and capacitance to measure direct-conversion neutron capture pulses.
Although a number of gadolinium-based semiconductors can also be used as active layers for direct-conversion neutron detector heterostructures, caveats regarding energy conversion of the primary reaction products, in light of potential applications as well as the romanticized 157 Gd cross section, should first be reviewed. Gd neutron capture can result in a number of gamma-ray and moderate-energy electron primary reaction products [447] , including those of interest for creating e-h pairs with internal conversion electrons at energies of 79 and 182 keV [101, 448] . Assuming a cost of 4 eV per e-h pair [25] and that the 79 keV conversion electron is doing most of the work, a maximum of 3 femtocoulombs (fC) of separable e-h pairs will be generated per conversion electron (four times less charge will be generated for undoped Gd 2 O 3 at a cost of 15.5 eV/e-h pair). In the single-neutron detection limit, 3 fC approaches the intrinsic noise level of many commercially available charge-to-voltage preamplifiers and is almost two orders less than the charge available from the primary reaction product transduction from neutron capture of 3 He, 6 Li or 10 B, despite their much smaller microscopic cross section relative to 157 Gd (figure 6). However, if the incident neutron flux is high enough and the preamplifier gain can be optimized for these low charge production levels, gadoliniumbased semiconductors are worth serious consideration as active layers for direct-conversion neutron detection heterostructures.
As a result of electronic and magnetic application requirements from technology roadmap consortia [449, 450] , solids with enhanced refractory properties, deposited at low temperatures, such as the rare-earth borides, silicides, chalcogenides and pnictides, have been explored over the last 40 years [451] [452] [453] [454] [455] [456] . From these studies, Gd borides (GdB 4 , GdB 6 ), Gd silicides (GdSi 2 ), Gd chalcogenides (Gd 2 O 3 , Gd 2 S 3 ), Gd monopnictides (GdN, GdP, GdAs, GdSb, GdBi) and other complexes (Gd 5 Si 2 B 6 ) have been fabricated and studied extensively. Unfortunately for solid-state neutron detection, a nonzero density of states at or near the Fermi edge and one to hundreds of μ cm resistivity at 300 K have been observed for all of the above complexes [457] [458] [459] [460] [461] [462] except for Gd 2 O 3 and special strained versions of Gd monopnictides [463] . Gd 2 O 3 has a bandgap greater than 5.5 eV and a resistivity greater than 10 6 cm [464] [465] [466] [467] at 300 K, and thin-film deposition of this material by electron-beam evaporation is now commonplace [456, [464] [465] [466] . However, little is known regarding the electrical carrier mobility [468] of Gd 2 O 3 or how to dope and control the majority carrier; transition-metal doping to create Gd 2 O 3 suboxides has been reported [469] and, despite slightly reducing the bandgap and resistivity, may be required to produce the mobility needed for efficient e-h pair separation. From a very different point of view, Gd hydrides (GdH 3−x for 0 < x < 3) have recently become popular for spintronic and optical switching applications with demonstrated bandgaps in excess of 2.5 eV [470] [471] [472] and enhanced bandgaps with Mg doping [473] . These hydrogen-rich gadolinium hydride semiconducting phases, if grown as thick films, would create an interesting total efficiency profile over both the fast and thermal neutron energies.
With an average total fission fragment energy of >165 MeV from the neutron capture of 235 U or 238 U [474] , coupled with a high fast-neutron fission cross section (at least one order higher for 235 U than for 10 B for >600 keV neutrons-see figure 6 ) and uranium ( 233 U, 235 U and, to a lesser extent, 238 U) compound semiconductors should be seriously considered for active semiconductor layers in directconversion heterostructures as well as uranium-based films for indirect-conversion heterostructure devices. Specifically, with a two or four order-of-magnitude increase in e-h pair production from 235 U primary reaction products over 10 B or 157 Gd primary reaction products, the lower level discriminator threshold can be set much higher, significantly changing the landscape for background suppression; this is a paradigm-shifting mechanism! Further, because the spontaneous fission (α, n) and/or delayed neutron production from uranium radioisotopes per kg per second are still much less than the cosmic-ray-induced spallation background, even for uranium oxides (which can be further improved by isotopically enriching with 16 O), single-neutron detection of external impinging neutrons is still possible. Reported semiconductors containing uranium include the ternary intermetallics U 3 T 3 Sb 4 , where T = Ni, Pd and Pt [475, 476] , the uranium-antimony oxide phases USb 3 O 10 and USbO 5 [477] , and the uranium sulfides and oxides US 2 , UO 2 , UO 3 , U 4 O 9 and U 3 O 8 . The ternary intermetallics have bandgaps of up to 0.2 eV and resistivities of less than 0.15 cm at 300 K, while the uranium-antimony oxides exhibit larger gaps ranging from 0.5 to 1.9 eV, with substantially higher room temperature resistivities of 10 7 -10 Figure 10 . Mass distribution of the neutron-induced 235 U fission fragments (see table 1 ). The sum of the kinetic energy of the X 1 and X 2 fission fragments is greater than 165 MeV. Fission fragment data from [568] .
number of e-h pairs generated per neutron-induced fission event from uranium, the ternary intermetallics should not be immediately discounted for their high thermally induced noise level as with the low-bandgap and low-resistivity lithiumbased intermetallics. However, a reduced depletion region width due to low resistivity may significantly limit the uranium intermetallic film thickness despite their relatively high carrier Fermi velocity or mobility compared to the boron-rich solids; in a different light, enhanced pulse rise times with large charge bursts may open a new direction for time resolution. Meek and co-workers report both p-n junctions and p-n-p transistors fabricated from UO 3 and UO 2 [483, 485] . The UO 2 , in the work reported by Meek, was processed into thin films using the sol-gel process, although use of thermal-based CVD and atomic-layer-like deposition from organometallic uranium precursors [508, 509] , as well as standard evaporation and RF sputtering methods [510] [511] [512] , with proper heavy metal scrubbers would be a natural and safe evolution in developing this area. Further, the refractory nature of the uranium complexes (especially the oxides) may prove useful to applications requiring radiation hardness and high-temperature operation [483] [484] [485] . Neptunium ( 237 Np) and plutonium ( 239 Pu) both exhibit energy-dependent cross sections for neutron-induced fission as well as average fission fragment energies that are very similar to those of the uranium isotopes described above. However, given uranium's abundance, reduced relative toxicity and much more well-behaved physical properties, it is unlikely that any other actinoid complex will be preferentially considered as a main constituent in an active semiconductor in a direct-conversion device. Further, although the average fission fragment energy from uranium neutron capture is quite high (see figure 10 and table 1), mean free paths of the order of one micron for the primary intermediate energy fragments and high self-absorption will still hinder the use of uranium converters for most indirect-conversion devices; a study of optimal uranium compound layer thicknesses, similar to that completed by Shultis and McGregor for boron-and lithium-rich solids [6] , is needed. Radiation damage from the highly energetic and massive daughter fission fragments is also expected to be significant, but a worthy trade-off for many applications, especially as the critical elements in detectors are more easily replaced physically and monetarily. Lastly, although possible, the cross section for neutron multiplication (n, xn) from 235 U (where x = 2 on average and the secondary neutrons have a reduced energy for effective moderation and total efficiency increase in a heterostructure device) is quite small until significant neutron fluxes above 14 MeV are used, such that this property may only fulfill a special niche. Thus, uranium-based compound semiconductors are best considered as active layers in solid-state directconversion neutron detection heterostructures where either high noise/background exists, high-temperature operation or radiation hardness to high flux moderate-energy backgrounds is required, or the neutron energy is in excess of 600 keV and moderator real estate is limited.
Future solid-state neutron detector devices and applications
Future solid-state neutron detectors will not require cumbersome or costly power supplies; they will be able to resolve the incident energy of a neutron to less than 10 keV without the many meters of real estate needed for time-of-flight detection, and will be able to detect neutrons in a high gamma-ray background environment through the combination of clever physics with current materials and device know-how. Below are initial results and seedlings of ideas that may lead to desired attributes for future neutron detectors to be used in research or commercial applications.
Zero external bias
Electron-hole pair separation and sweepout in a solid, or in solids joined to form a heterostructure, depend primarily on the strength and extent of the internal electric field; without a sufficiently large electric field, carriers may become immobilized by traps or recombine. The internal electric field may be generated, in magnitude and width, intrinsically by a space charge region or through a superposition of a space charge region and externally applied voltage. In applications that require quantitative analysis of the linear energy transfer of primary reaction products (see section 3.3), an electric field strong enough to sweep out e-h pairs at or near unity is required. However, in neutron counting applications where it is only necessary to obtain voltage pulses with intensity discernibly above the noise, use of the intrinsic electric field from a p-n junction or Schottky device, operating in the voltaic mode (i.e. with zero applied bias) is possible, as has recently been demonstrated for both direct- [276, 419, 420, 422] and indirect-conversion [117, 223, 280, 286, 304, 513] solidstate neutron detection heterostructures. Eliminating the power conditioning and supply electronics required to establish high DC voltages for reverse bias is a major improvement, especially for dosimetric applications where a thin form factor is advantageous. Further improvements to this area for indirect-conversion devices will require reduced surface Figure 11 . (a) Proton recoil scattering; (b) scattering geometry used in proton recoil spectrometry to resolve E n after Gotoh [533] and (c) schematic representation of a spatially resolved solid-state proton recoil spectrometer after Meijer [232] .
recombination, especially for the etched structures, while for direct-conversion devices, the trap concentration of the materials and surface recombination of the heterostructures, in general, must be decreased.
Resolving incident neutron kinetic energy
Knowledge of free neutron kinetic energy is necessary for applications where the source or scattering of neutrons is unknown or unpredictable. An application of current relevance is in the solid-state detection of neutrons from special nuclear materials by active or passive detection (to serve as an alternative to gaseous 3 He [64, 514] ). A number of other applications, including absorbed-dose determination and inelastic neutron scattering, also require energy analysis, whose details may be expanded from the following discussion [515] . In the detection of illicitly transported or stored special nuclear materials, especially for neutrons from the unmoderated spontaneous fission (or (α, n)) neutron production from plutonium (or plutonium oxides) whose emission energy reaches an apex at 800 keV-1.1 MeV (800 keV-2 MeV), it is advantageous to be able to separate out unmoderated background cosmic-ray-induced spallation neutrons whose spectral weight overlaps up to the top end of the evaporation spectrum [516] [517] [518] [519] [520] [521] [522] [523] [524] [525] in the fast-neutron range. This means that a detector with an energy resolution of at least 100 keV (from 100 keV to 15 MeV), with a high total efficiency for both thermal and fast neutrons, and which overcomes the deficiencies of time-of-flight (>3 m throw distance) and scintillator-based devices in the context of energy resolution is desired.
Whether through a direct-or indirect-conversion solidstate heterostructure geometry, conservation of energy and momentum forms the basis from which incident neutron kinetic energy may be determined; one may additionally make use of isotopes with abrupt changes in their microscopic cross section as a function of incident neutron energy to transmit (absorb) neutrons of a wanted (unwanted) energy (i.e. yielding a positive (negative) filter effect). While Knoll [2] has provided an excellent survey of most neutron spectroscopy detector types in the context of the available transduction mechanisms, the intention here is to briefly summarize reported solidstate heterostructure-based neutron spectrometers with an emphasis on new ideas for future detectors that take advantage of advances in spatial, temporal and energy resolution of moderate-energy ions as well as unique moderator-detector scattering geometries.
Conservation of energy may be used in one or any combination of four methods to determine incident neutron energy: (1) through the determination of the angular distribution of neutron-induced recoil nuclei; (2) by the predictable reduction of neutron energy through elastic scattering; (3) from the determination of the difference in energies of neutron-induced capture reaction or fission fragment nuclei relative to the reaction energy Q or (4) by the broadening of spectroscopically resolved peaks caused by inelastic scattering. The physics associated with the first method was initially described in 1941 by Amaldi [526, 527] and subsequently optimized with solid-state detectors for the proton recoil telescope geometry from 1948 to the present [179, 232, 248, 252, 257, 330, 332, [528] [529] [530] [531] [532] [533] [534] [535] [536] [537] [538] [539] . In this geometry, the telescope diameter and distance from the proton radiator form a solid angle by which neutron energy incident to the radiator may be determined according to E p = E n cos 2 ϕ, where E p and E n are the proton and neutron energies and ϕ is the angle between the incident neutron and scattered proton (figures 11(a) and (b)). One or more transmission detector(s) (a.k.a. dE/dx detectors) and a stopping detector are used in coincidence to remove background or protons from stray neutrons. The thickness of the proton radiator, width of the solid angle, as well as thickness and number of the transmission detectors form the basis for the detector efficiency and energy resolution. Energy resolutions of 500 keV for 1-5 MeV incident neutrons [530] , 70 keV for thermal neutrons [330] , 150 keV for 2-4 MeV neutrons [332] , 270 keV for 6 MeV neutrons [179] and 100 keV for 100 keV-25 MeV neutrons have been reported with typical total efficiencies of much less than 1%. Suggested improvements to the radiator and heterostructure materials for enhancing energy resolution include using liquid hydrogen in place of a polyethylene radiator to remove the carbon contaminant and using germanium rather than silicon transmission detectors to reduce total detector thickness and extraneous (n, p) reactions [248] . Increasing spatial or x y sensitivity using crossed strip detectors ( figure 11(c) ) has been posited [232] to provide a detector capable of determining all scattered angles simultaneously, rather than having to sweep a traditional telescope through all desired ϕ angles.
Empirical demonstration of this proposed x y device [232, 536] has not been reported and is a significant improvement on the traditional telescope and an excellent direction for theoretical [532, 533] , computational and experimental development.
The second method was first reported by Bonner [540] in 1960 with a scintillator-based detector and subsequently adapted with solid-state detectors in a handful of work reported only in the last six years [419, 420, [541] [542] [543] [544] [545] . The geometry associated with this second method (figure 12) relies on the statistically probable energy loss of neutrons as they are slowed through elastic collisions (usually with hydrogen). Because the neutron energy loss from elastic collisions is statistically predictable, one can measure the neutron flux as a function of elastic scattering medium thickness, then work backwards, reconstruct or unfold the spectra to determine the incident neutron energy [546] [547] [548] [549] [550] [551] [552] . The solid-state Bonner detectors are significantly advantageous over their gaseous or scintillator-based counterparts because they provide three-dimensional scattering information through the detection of both recoiled protons as well as captured neutrons to yield the highest-energy resolution possible from unfolding calculations.
There is also the potential for determining neutron energy without unfolding calculations by simply determining the neutron capture intensity as a function of calibrated moderator/detector depth for parallel incident neutrons, using the cylindrically symmetric geometry shown in figure 12(a) , or radial dependence for omnidirectional neutrons, using the spherically symmetric geometry shown in figure 12(b) . The three dimensionality comes about from having pixilated detectors in the x y plane that are subsequently stacked in the z direction (hence, giving a polar [r, θ] dependence in the cylindrically symmetric device and spherical [r, θ, ϕ] dependence in the spherically symmetric system). Engineering efforts to be completed for both designs include the multiplexing, readout electronics and pulse analysis required for hundreds or even thousands of neutron active elements.
The third method for spectroscopically resolving neutrons, based on conservation of energy, was first described and demonstrated by Love and Murray [180, 553] in 1961 for a thin layer of 6 LiF deposited between two solid-state surface-barrier detectors ( figure 7(d) ); a flurry of development using other conversion layer isotopes in the sandwich geometry continued thereafter into the late 1970s [182, 214, 249-251, 253, 254, 256, 330, 332-335, 554-556] . In this method, the energy of all reaction products is determined, whose sum less the known reaction energy (Q) yields the incident neutron energy. The challenge then lies in precisely determining the energy of the reaction products in excess of Q, especially in the limit where the incident neutron energy is much less than Q. Values of Q for some semiconductor-based isotopes relevant to neutron capture primary reaction products are listed in table 1. Overcoming the challenge of detecting neutron energies much less than Q can be met by either utilizing direct-conversion heterostructures where the primary reaction product energy is not lost in a conversion layer and/or by utilizing neutron capture reactions that result in the lowest possible Q (e.g. triton analysis from 3 He-see table 1) up to the limit that the detector can accurately detect the primary reaction product itself. Reported resolutions for this method are 15 keV for 17 MeV neutrons [335] , 201 keV for 14.7 MeV neutrons [182], 90 keV for 125 keV neutrons [250] , 1 keV for hundreds of keV neutrons [251] 1-40 keV for 10-400 keV neutrons [253] and 200 keV for 500 keV neutrons [256] . Thresholds for neutron capture with limited or discrete reaction products in certain energy ranges, most pronounced for the isotopes of Si and Ge in figure 9 (e.g. 30 Si(n, α) 27 Mg is the only reaction possible below E n = 10 MeV), were posthumously exploited by Bonner [334] and others in enhancing resolution. If pushed further for the desired neutron energies (e.g. very high-energy resolution for a diffraction study), the filtering effect from thresholds or microscopic cross-section resonances could be used to provide very high-energy resolution, limited only by the width of the resonance. Given the advances made in the energy resolution for charged particle detectors since the last report above in 1978, even in the indirect-conversion geometry, this third method, coupled with low Q reactions is worth stringent consideration to empirically determine whether subkeV energy resolution is possible.
The fourth method described here to resolve incident neutron energy is based on unfolding the neutron-energydependent broadening or response of spectroscopically resolved peaks caused by inelastic scattering. Very little work has been reported [81, 557] using this technique and it has been restricted to the 692 keV conversion electron produced from neutron scattering with 72 Ge, although there has been sufficient experimental detail of the 692 keV peak [14] [15] [16] 558] to support that the unfolding technique is valid. Further development of this method using isotopes that produce conversion electrons, but with much larger cross sections than that for the 72 Ge(n, n e − ) event, would be advantageous. Ultimately, this method is interesting theoretically, but may fundamentally yield too low a resolution relative to the third method discussed above and will likely remain limited to detectors whose primary purpose is to detect particles other than neutrons.
Overall, improving incident neutron energy resolution to less than 100 keV for neutron energies above 500 keV is of technological relevance [256] and to less than 1 keV may be considered a grand challenge, possibly requiring very different transduction mechanisms than presented above.
Concept for a spintronic neutron detector for enhanced signal-to-noise
Inherent in charge-to-voltage conversion is noise. The noise depends on the input capacitance of the device, preamplifier voltage and type of noise source. Shaping amplifiers, lockin techniques, coincidence subtraction and proper signal shielding/guarding/grounding provide a significant reduction in leakage current, signal attenuation and signal mixing. However, single-neutron detection-which is sometimes like looking for a needle in a haystack-in the solid state requires the ultimate in signal-to-noise, especially for zero or very low (<10 V) applied bias (vide ante). One very forward-thinking multidisciplinary concept, suggested by Bandyopadhyay and Tepper [559] , couples the low noise attributes of a magnetic tunnel junction with the secondary electrical carriers generated from neutron capture to provide a very high signal-to-noise spintronic-based solid-state neutron detector.
The magnetic tunnel junction [560, 561] , postulated by Tedrow and Meservey [562] in 1971, first realized by Jullière [563] in 1975 and shown to operate at room temperature by Moodera [564] in 1995, is a two-state resistive device based on the conservation of electron (or hole) spin momentum during quantum mechanical tunneling between two spin-polarized metals across a thin electrically insulating gap (i.e. a tunnel barrier). Ideally, when a small voltage is applied and when the spin polarization of the two metals (assuming 100% spin polarization) is antiparallel, electrical carrier spin conservation prevents tunneling of the spin-polarized carrier between the metals and thus creates an infinite tunneling resistance state, whereas when the spin polarization of the two metals is parallel, the tunneling resistance is zero. If one considers that the thin electrically insulating material comprises isotopes that produce moderate-energy charged particles upon neutron capture or scattering and that the spin polarization of the metals is antiparallel, then when zero neutrons are incident on the device, the tunneling resistance state is infinite. However, when incident neutrons are captured or scattered whose primary reaction products produce eh pairs that are subsequently separated, the resulting spinpolarized electrons (and holes) now, on average, have a 50% spin polarization in each quantum mechanically allowed spin direction. This finite carrier spin polarization in the allowed direction of the spin-polarized metals, satisfying the carrier spin-conservation rule, allows for a finite current as a result of the non-infinite resistance state. Thus, a very high signalto-noise solid-state neutron detector that exploits the quantum mechanical spin selection rule for tunneling is theoretically possible. In practice, the neutron-sensitive tunnel barrier is so thin that the probability for neutron interaction, even at thermal energies, would be very poor, although a boroncarbide-based magnetic tunnel junction has been successfully fabricated [565] . An adaptation that would help rectify this deficiency, but still falls under the spintronics umbrella, would be to use a giant magnetoresistive (GMR) geometry [566] and replace the standard metallic spacer with a thick nonspin-polarized layer that is neutron sensitive and metallic. However, the spin selectivity in the GMR geometry is not rigorously restrictive as in tunneling transport, which may lead to leakage current levels that are too high (when compared to the charge generated by the primary reaction products of a single neutron capture). Another adaptation would be to create a conversion-layer-based magnetic tunnel junction array, in which the primary reaction products are within range of the tunnel barrier, such as a lithium-or boron-based film deposited onto commercially available magnetic randomaccess memory [567] . Finally, other out-of-the-box ideas for spintronics-based neutron detectors that utilize the spin polarization injection materials rather than just the neutronsensitive insulators, such as uranium intermetallics [476] or gadolinium-pnictides [459] , may be possible.
Summary
Despite the narrow focus of this review and tremendous advances made over the last 57 years in charged-particle-based neutron transduction using solid-state heterostructures, only the surface of the basic and applied challenges-in light of applications-has been scratched. More than ever before, neutron-based applications in the search for water on distant planets, in determining long range magnetic information of a solid, in understanding the weak interaction with dark matter, or in uncovering the presence of plutonium, require neutron detectors with significantly enhanced attributes. The neutron detector attributes necessary to meet the requirements for these applications include combinations of very high (>90%) total detection efficiency under flux conditions at or near the cosmic-ray-induced spallation background over the thermal-to fast-neutron energy range, and micron to submicron spatial resolution, tens of nanosecond temporal resolution and/or less than 10 keV incident energy resolution. To meet these challenges, exploration of alternative neutron moderators and reflectors, novel moderator mechanisms (e.g. neutron multiplication) and new moderator geometries with little or no attenuation is needed. Indirect-conversion neutron detector heterostructure advances will likely come about from advanced lithographies that can be used to construct device geometries designed with computational packages whose accuracy for reaction and transport of all particle types outmatches the human ability to build such a device. Breakthroughs in directconversion-based neutron detector heterostructures will require electronic, physical and chemical understanding of the active semiconductors used at the level understood for silicon at least 30 years ago. Finally, I posit that the development of uraniumbased solids for direct-and indirect-conversion neutron detector heterostructures, utilizing the neutron-induced fission fragment reaction, is the most important and direct path to realizing next-generation detectors that satisfy the above application-specific requirements. 
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